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Other supplementary materials for this manuscript include the following:  

Movies S1 to S3 

 

a. Spinning disk confocal fluorescence imaging. The SDC component was 

mechanically isolated from the microscope and supported by a separate optical table 

(CSU-X1 Spinning Disk Unit, Yokogawa, Tokyo, Japan). In this way, mechanical 

vibrations from the spinning disc did not cause any disturbances during the AFM 

operations. Significant noises were caused by the vertical movement of the objective 

during optical sectioning, especially for high-aperture immersion objectives. However, 
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they did not affect the performed measurements since optical sectioning was done when 

cantilever was retracted from the surface, or during the dwell phase of the force curve 

(see below, protocol 1, and Fig. S11B), and force curves for mechanical analysis were 

acquired before the optical sectioning. In a previous study1, the signal coupling was 

observed between the epifluorescence excitation light and the cantilever deflection. Here, 

such coupling was also seen at the high laser intensities, but at the low laser intensities 

selected for the living cell observation, it was very weak and close to the noise level (Fig. 

S11C). 

Fluorescent microspheres, CellMask, and SiR-dyes were excited by 488 nm, 561 nm, 

and 640 nm lasers, respectively. The emission signals were separated by 525/30 nm, 

607/36 nm, and 685/40 nm filters and recorded by iXon 888BV EMCCD camera (Andor 

Technology, South Windsor, CT). The fluorescent images were analyzed by either Andor 

IQ software or Fiji (NIH, Bethesda, MD). The orthogonal sections (side views and cross-

sections) were reconstructed from the z-stacks of the optical section images using Fiji 

software. The spacing between the optical sections was chosen based on the Nyquist 

criterion (0.21 μm for the used setup).  

Refractive index (RI) mismatch between the immersion fluid (RI=1.518, Olympus, Japan) 

and the sample (for aqueous medium, RI is close to 1.33) introduces a decrease in 

intensity and a shift of the objective focus, thus accurate calibration of the axial distances 

in confocal microscopy is generally required. We performed this calibration in a 

preliminary study by placing the AFM probe at a certain distance from the surface (1, 3, 

5, 7 μm) using AFM piezo. Then confocal Z-stacks were acquired using SDC from which 

these distances were calculated as well. By comparison of the distances from the AFM 

and confocal data, the correction factor 0.88 was obtained for latter which agrees with the 

theoretical prediction from the previous work2. As an additional check, the height of the 

stained cells calculated using AFM (by the difference in contact points of F-Z curves over 

the surface and the top of a cell) and from the confocal images was very similar (within 

5%).  

Synchronization between microscopes was achieved with a TTL trigger signal from AFM 

to SDC at the beginning of the indentation experiment. The imaging parameters were 

adjusted in preliminary experiments to decrease the acquisition time and still preserve 

high signal-to-noise ratio and low phototoxicity. Phototoxicity was observed at high laser 

intensities as indicated by plasma membrane blebbing, cell detachment, and cytoskeleton 

disassembly. 
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To outline the cell membrane or F-actin layer profile in the vertical cross-sections we 

utilized a method from3,4. For each vertical line (x position), the fluorescence peak position 

was determined by fitting several points around the pixel with maximum intensity with a 

Gaussian function. The peak of the Gaussian was taken to be the membrane (or F-actin 

layer) position at x. The width of peaks was comparable to the resolution of the 

microscope, indicating that the thicknesses of the plasma membrane and F-actin layer 

are below the resolution limit. The surface displacement profile and indentation depth 

were found by subtracting the cell profile during indentation from the cell profile prior to 

indentation. Cell height was measured based on plasma membrane or F-actin staining, 

since they provided similar results, and both types of fluorescent data were in agreement 

with the AFM height data. 

Classification of cells into three different groups based on the perinuclear actin cap 

structure was adapted from previous studies5–7. The cells with well-developed perinuclear 

actin cap stress fibers, less-developed fibers (low thickness and low density), and without 

detectable fibers were classified as the “cap”, “sparse cap”, and “no cap” group, 

respectively. 

 

b. Simultaneous SDC imaging and AFM indentation. We used three different 

experimental approaches to combine SDC imaging with AFM indentation to achieve a 

better visualization of the cell indentation process (Fig. S3). The standard approach used 

previously (referred to here as the “protocol 1”) is to obtain full z-stack of optical slices for 

selected cell before and after engagement of the cantilever with prescribed force or 

indentation depth3,8,9 (Fig. S3A and Fig. 4 in the main text). In that case, the Z-position of 

the cantilever is kept constant during the image acquisition (dwell phase of the force 

curve), but force and indentation depth could change due to cantilever deflection. This 

approach does not require high temporal resolution, but single z-stack does not provide 

data on the ongoing viscoelastic relaxation and other force-induced processes in the cell 

under the engaged cantilever. The relaxation is manifested as decay in the force during 

the dwell phase of the force curve. A second approach (“protocol 2”), providing the highest 

temporal resolution, involves the acquisition of a single optical section at selected height 

during the whole process of cantilever indentation. In this approach, one would expect to 

see fast rearrangements of cytoskeletal structures but only in the single plane of the view 

(Fig. S3B, Fig. 3 in the main text, Movies S1-S3). As a compromise, a third approach 

(“protocol 3”) involves partial Z-stacks, while F-Z curves are acquired with the low 

indentation speed to capture the process (Fig. S3C). Reconstructed cross-sections could 
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be used to measure the indentation depth (Fig. S4 and S10), which agreed with the AFM 

data (not shown). The F-Z curves were taken at 200 nm/s and 50 nm/s piezo 

displacement speed along the Z axis for the protocol 3 and 2, respectively. Before 

implementing any of the described protocols, the mechanical properties of the selected 

cell were characterized by a set of the force curves taken at 2 μm/s, as described in the 

Materials and Methods section (with 500 nm maximum indentation depth), and then the 

force set point for the desired indentation depth was adjusted. Indentation depth was 

selected to be ~1-1.5 um to obtain well-resolved indentation patterns. For all the 

protocols, the contact time between the probe and the cell was below 1 min. The 

examples of the experimental force curves are presented in Fig. S11. After 

implementation of the protocol, the additional confocal image of the cell was acquired to 

confirm cell viability and absence of the significant cytoskeletal rearrangements caused 

by the indentation.  

All experiments showed that deformation is reversible at the used indentation parameters 

(speed, depth and force set-point) (Fig. S9). The force set-point used here was at the 

level of 1-2 nN, which is comparable with the force cell can generate through a single 

focal adhesion10. Cell viability was preserved and no significant rearrangements of both 

actin and microtubule cytoskeleton was recorded after the indentation. As shown in a 

previous study, such rearrangements could be observed when the probe is coated with 

ECM protein and at longer interaction times11. Also, significant remodeling of the 

microtubule network was found when large probe (50 um diameter) and high forces (20 

nN) were applied to the cell12, but it was not the case here. Membrane patches attached 

to the probe in some cases, but this did not lead to the cell death or visible damage.  

 

c. Effect of live-cell stains on cell properties. We tested whether the used live-cell 

imaging stains (probes) affect the mechanical properties of the studied cells as measured 

by AFM (Fig.1 and Fig S1). Among all stains used, only SiR-actin caused significant cell 

stiffening. Even the lowest concentrations of the SiR-actin required for imaging (200 nM) 

led to a significant increase in the relaxation modulus 1E  (~50%, p<0.001; confirmed also 

in MDA-MB-231 cells, Fig. 1B, Table S1) and decrease in power law exponent α (~20%, 

p<0.001), meaning solidification of the cell (α=0 for solid material and α=1 for liquid). SiR-

tubulin staining, on the other hand, did not lead to significant changes in cell mechanical 

properties, as well as overnight incubation with the 10 µM verapamil alone. Data for cell 
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viscoelastic properties are presented in Fig. 1B and Table S1. In agreement with a 

previous study13, no effects of SiR probes on cell viability and morphology were noticed. 

SiR probes are well suitable for live-cell imaging, have excellent brightness and 

photostability, and more convenient than genetically encoded probes, which require 

transfection13. The SiR-actin probe is based on the jasplakinolide derivative13, which 

binds to polymerized actin filaments. Jasplakinolide binding stabilizes actin fibers making 

them more rigid14, and is known to promote actin polymerization in the short term15. SiR-

actin probe could preserve some of its action, which was observed here as increase in 

cell stiffness (Table 1). We did not notice any effect on viability, morphology, or motility of 

the cells, which is in agreement with a previous study13. SiR-actin did not affect the 

percentage of the NIH 3T3 with developed actin cap, and stiffening was seen in both 

fibroblasts and MDA-MB-231 cells, for which stiffness is not based on the stress-fibers, 

but rather on the cortical actin meshwork. This suggests global cytoskeleton stiffening but 

not the preferential stiffening of the stress fibers. Due to the effects of SIR-actin on cell 

stiffness shown here, it should be used with caution in studies where mechanical 

properties of cells are critical.  

SiR-tubulin staining, on the other hand, did not lead to significant changes in cell 

mechanical properties. SiR-tubulin probe is based on the docetaxel derivative13, which 

binds to the microtubules and likely stabilizes them, although SiR-tubulin labeling did not 

manifest in increased cell stiffness. The dynamic behavior of the microtubules was seen 

occasionally, probably associated with sliding or disassembly, and was not significantly 

affected by the indentation process. 

Other used fluorescent stains did not significantly affect cell mechanical properties in 

experimental conditions used here, although some effects from actin-GFP were seen in 

the previous study16. Verapamil, broad spectrum efflux pump inhibitor which was used to 

improve the SiR-probe labeling efficiency, was shown to affect actin cytoskeleton 

structure, but at higher concentration and longer incubation times than used here17.  

 

d. Transversely isotropic model. The compliance matrix S for a transversely isotropic 

linear elastic material could be written in the following form (assuming the 2–3 plane to 

be the plane of isotropy): 



6 
 

11 11

22 22

33 33

12 12

13 13

23 23

1
0 0 0

1
0 0 0

1
0 0 0

1
0 0 0 0 0

1
0 0 0 0 0

1
0 0 0 0 0

ta ta

a t t

at t

a t t

at t

a t t

a

a

t

E E E

E E E

E E E

G

G

G

 

 

 

  

 

 

 

 

 
− − 

 
 
− − 

    
    
    − −
    

=    
    
    
    
       

 
 
 
 
 

,     (1) 

where moduli and Poisson’s ratios are expressed in terms of “a” for axial (longitudinal) 

and “t” for transverse (Fig. 6A in the main text). From the seven material parameters t
E , 

a
E , t

G , a
G , t

 , at
 , ta

 , only five are mutually independent, while other are related by: 
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The number of independent parameters reduces further if we apply an assumption about 

the incompressibility of the material. This requires18: 

0.5
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 = ,                (4) 
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a

E
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Thus, only three parameters are independent, which we can select to be t
E , a

E , and a
G

. From them, two dimensionless groups were defined: /
a t

E E  and /
a t

G E . The anisotropy 

could arise when / 1
a t

E E  , or / 1
a t

G G  , or both. Since the presence of the fibers most 

likely will lead to an increase in 
a

E  and 
a

G , in the FE analysis we varied the /
a t

E E  from 

1 to higher values and /
a t

G E  (which is an alternative dimensionless group to /
a t

G G ) 

from 0.33 to higher values (isotropic case is when both / 1
a t

E E =  and / 0.33
a t

G E = ). 

e. Finite element modeling of the indentation experiments. The commercial FE 

package Abaqus Standard v. 6.16 was used for all the simulations reported in this study. 

A several 3D models were designed. To conduct a general geometry-independent 
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analysis, the sample was modeled as 20x20x20 µm3 block and the indenter was a sphere 

with radius 1 µm. The sphere indented the block up to a maximum penetration of 0.5 µm 

using a displacement-controlled simulation. 

We used a structured mesh composed of 224000 three-dimensional solid elements 

(C3D8R in Abaqus) 8-node linear bricks, trilinear hexahedral elements, and 238581 

nodes; see Figs.  S6A and B. The mesh was not uniform, with smaller elements in the 

indentation area. The characteristic length of the element side in the contact area was 

0.1 µm. The indenter was modeled using 38 three-dimensional elements with 3-node 

(R3D3 in Abaqus), triangular facet and 1043 three-dimensional solid elements with 4-

node, bilinear quadrilateral (R3D4 in Abaqus); forming a rigid shell. The mechanical 

interaction between the block and the indenter was modeled using the general contact 

surface-to-surface algorithm.  The analysis was performed with static step, using the non-

linear geometry option. These simulations were used to determine the surface 

displacement profiles (vertical displacements in the top face of the block) along the XZ 

and YZ planes (along and normal to the fibers, respectively) and load-displacement 

curves. 

In order to check that the geometry of the sample does not modify significantly the impact 

of anisotropy on the displacement solution, we performed simulations with block of 

smaller size (10x10x10 µm3) and for the ellipsoidal cap representing the cell geometry 

(Fig. S6C). The dimensions of the ellipsoidal cap were selected to represent the typical 

dimensions of the cell: base radius a1 = 30 µm, base radius a2 = 12 µm (aspect ratio = 

2.5 to account for the elongated cell shape), height h = 5 µm, the indenter radius was 2.5 

µm and the indentation depth was 1 µm. Only one quarter of the model was simulated by 

taking the symmetries of the problem into account. For this geometry, the mesh was 

composed of 25000 10-node quadratic tetrahedron hybrid elements (C3D10H in Abaqus). 

For the two considered blocks (large and small), the indentation profiles were fairly close 

(Fig. S6D, a transversely isotropic material with / 1
a t

E E =  and / 4
a t

G E =  was employed). 

These results indicate that even a small block can capture the anisotropy-induced 

displacement difference. For the ellipsoidal cap geometry, we observed small difference 

in indentation profiles for the isotropic material. The calculated D.A. was 1.05, which is 

only 5% deviation from the expected value 1.0 (Fig. S6E). For the transversely isotropic 

material ( / 1000
a t

E E =  and / 2
a t

G E = ) the D.A. value also deviated from the values 

measured for the block geometry for less than 15%. Thus, we can conclude that even 
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though sample geometry (and possibly underlying substrate) affects the measured D.A., 

the effect is reasonably small. 

For the computations that follow, we used a block of size 20x20x20 µm3. All used in 

simulation ratios /
a t

E E  and /
a t

G E  are presented in the Table S4 together with the 

corresponding D.A. and T (relative stiffening, see below) values. 100
t

E =  and 0.49
at

 =  

were set constant in all the simulations, other parameters (elastic moduli and Poisson’s 

ratios) were calculated according to Eqs. S2-S5. The range of the ratios was selected 

based on the D.A. and T values measured for the cells. For very high ratios of /
a t

E E  and 

/
a t

G G  severe problems with convergence of simulations were presented and thus these 

ratios were omitted.  

The simulated profiles were processed the same way as the experimental ones, and the 

degree of anisotropy (D.A.) was calculated for each of them (Fig. 6D in the main text and 

Table S4). All the simulated force curves (Fig. S6F) were fitted well with the Hertz 

equation 


= 
−

3

2

2

4

3 1
eff

E
F R , where parameter Eeff represents the “effective” indentation 

modulus. By normalizing this parameter over its value for the isotropic case (Eiso), we 

obtained the dimensionless ratio T= Eeff /Eiso (Table S4), representing relative stiffening – 

a relative change in the material stiffness as measured from the indentation experiment. 

On the other hand, T= Eeff /Et, a ratio of the indentation modulus to the t
E  (since t

E  was 

kept constant in the simulations and Eiso= Et). 

From the FE simulations, we obtained the 2D-surface of the D.A. values as a function of 

the /
a t

E E  and /
a t

G E . We found that /
a t

G E  ratio affects surface displacement profiles 

stronger than /
a t

E E  ratio. The largest effect was observed when /
a t

E E  and /
a t

G E  

ratios were increased simultaneously, the resulted D.A. and T values were larger than 

obtained by simple multiplication of D.A. and T values for the cases when /
a t

E E  and 

/
a t

G E  ratios were increased separately. The 2D-surface was interpolated and then 

intersection with the plane of the D.A.=2.1 (value for the NIH 3T3 fibroblasts with well-

developed perinuclear actin cap) was found (Fig. S7A). The intersection determines the 

line of possible ratios of /
a t

E E  and /
a t

G E  for the selected D.A. value. However, as seen 

from the trend in the line on fig. S7B, the selected D.A. value could be obtained by varying 

only one ratio and keeping another one the same as for the isotropic material. Although 
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we cannot exactly predict the behavior of the D.A. outside of the range obtained in the 

simulations, the general trend is that the material can have high /
a t

E E  and low /
a t

G E  

ratio or vice-versa in order to achieve a selected D.A. value. Moreover, the relative 

stiffening T values were proportional to D.A. values for the simulated materials (Fig. S7C), 

meaning that one of the values could be estimated based on another one. Thus, if D.A. 

value is known, t
E  could be found based on estimated T and Eeff values. Yet, exact values 

of a
E  and a

G  could not be determined even when t
E  is known due to their concurrent 

effect: different combinations of /
a t

E E  and /
a t

G E  can provide very close simulated force 

curves and displacement profiles (Fig. S7D, E), as expected from the close D.A. and T 

values. 

At this step, we want to obtain a range of physically reasonable values; the highest and 

the lowest estimates for both ratios which might be expected in cells with actin cap fibers. 

From the trend line, it follows that higher estimate for /
a t

G E  will correspond to the lowest 

estimate for /
a t

E E  and vice versa. To obtain these estimates, we applied the analysis 

based on the rule of mixtures (Chamis model)19,20. Alternatively, if at least one ratio, 

/
a t

G E  or /
a t

E E , could be obtained from the independent measurement, the remaining 

ratio could be caluclated in a straightforward way from the trend line (Fig. S7B). 

f. Chamis model for the description of cell anisotropy. An alternative view on a 

transversely isotropic material is coming from the theory of fiber-reinforced composite 

materials 20. For unidirectional composite materials with long fibers, the mechanical 

properties could be predicted with the so-called rule of mixture (“ROM”). Involved 

assumptions are: fibers are uniformly distributed throughout the matrix; fiber and matrix 

behave as linearly elastic materials (matrix is isotropic, but fibers could be anisotropic by 

itself). The properties of the matrix are 
mE , 

m  and the volume fraction is 
mV ; the 

properties of fibers are 
fE , 

f  and the volume fraction is 
fV , 1f mV V+ = . Here we used 

Chamis model19,20, which is more advanced than original ROM model. It is also one of 

the most used and trusted model which give a formulation for all five independent elastic 

properties of the composite: 

f f m m

a a
E V E V E= + ,      (6) 

1 (1 / )
t

m

t f m f

E
E

V E E
=

− −
,      (7) 
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f f m m

at at
V V  = + ,      (8) 

1 (1 / )
a

m

a f m f

G
G

V G G
=

− −
,      (9) 

1 (1 / )
t

m

t f m f

G
G

V G G
=

− −
.     (10) 

Since mechanical properties of the stress fibers are not exactly known and will depend 

on the pre-stress, we can only make a numerical analysis with some relevant range of 

values. We also assumed that when the cell lacks the apical stress fibers as seen from 

the SDC images, the measured values corresponded to the matrix (including membrane, 

cytoplasm, actin cortex and other components, but not the stress fibers). The stress fibers 

were considered to be stiffer than the matrix21,22, 
510 / 10f m

a
E E  , 

41 / 10f m

t
E E  ,

510 / 10f m

a
G G  , 

41 / 10f m

t
G G  ; and the volume fraction was varied in the range 

0.01 0.6fV  . As seen from the equations, the Poisson’s ratio of fibers does not affect 

other mechanical parameters, so they were not considered here. Simple numerical 

analysis (Fig. S8) showed that presence of stiff fibers affects a
E  much more than t

E  

leading to a pronounced increase in /
a t

E E  ratio (up to ~60000). The /
a t

G G  ratio, on the 

other hand, is entirely determined by the anisotropy in mechanical properties of fibers 

itself. Following the equations, even high /
t

f f

a
G G  ratios (105) transform to small /

a t
G G

ratios of the composite material (up to ~5). This analysis confirms the possibility of the 

high /
a t

E E  ratio and smaller /
a t

G G  ratio in cells and leads to the following estimations: 

the lowest estimate for /
a t

G E  ratio is 0.33 (no change from the isotropic case) and the 

highest estimate for /
a t

E E  ratio is ≈60000. The highest estimate for /
a t

G E  is ≈1.5 (

/ 4
a t

G G  ) and the lowest estimate for /
a t

E E  ratio is ~400 (from Fig. S7B). This estimate 

is in agreement with the data from the previous study where / 2
a t

G G   was reported for 

the human airway smooth muscle cells23. We can expect high /
a t

E E  ratios (hundreds 

and more) in NIH 3T3 fibroblasts if they have a /
a t

G G  in the range of 2-4. 

g. Effect of anisotropy on the force curves. It could be noted from the Table S4 and 

Fig. S7C that relative stiffening T values are generally proportional to and lower than D.A. 

values for the simulated materials. Thus, the materials with the higher level of anisotropy 
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also provides higher indentation modulus. The effective modulus measured in the 

indentation experiment from the force curves (Eeff, which in our measurements was 

relaxation modulus E1, but also could be the Young’s modulus obtained with the Hertz 

theory for the purely elastic case) is determined by both anisotropic moduli t
E  and a

E , 

but mostly by the transverse moduli. Several-order increase in a
E  will cause relatively 

small increase in effective moduli (~1-3 times, Fig. S6G). Thus, indentation experiments 

alone can’t assess the anisotropy of cells unless some additional modifications in the 

experiment are used, like analysis of the indentation profiles performed here. By 

interpolating T vs D.A. dependence (Fig. S7C), the T value could be established from the 

experimental D.A. value, and then t
E  could be calculated from the effective indentation 

modulus. For example, in NIH 3T3 fibroblasts with D.A. ≈ 2.1, the T ≈ 2 is expected 

meaning that the transverse modulus is twice lower than the Eeff measured from the force 

curve. 

An additional observable is needed to calculate both a
E  and a

G  independently. In a 

future study, we hope to get this information from additional experiments. It could be a 

use of asymmetric indenter with indentation before and after 90 degrees indenter 

rotation24; implementation of lateral force microscopy for the measurement of shear 

modulus in two directions; combination of AFM with other techniques, where forces could 

be applied to the probe in lateral direction (like optical or magnetic tweezers)23.  
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Supplementary Figures 

 

Fig. S1. F-actin (SiR-actin - A, B; Actin-GFP – G, H), microtubules (SiR-tubulin, C, D) and plasma 

membrane (CellMask Orange - E, F) structure in NIH 3T3 and MDA-MB-231 cells, Z-projections (A, C, E, 

G) and vertical cross-sections along marked lines (B, D, F, H). Distinctive stress-fibers are present in NIH 

3T3 cells both in basal and apical planes, but rarely in MDA-MB-231 cells, where F-actin is mostly found in 

the cortex. The microtubules were located homogenously throughout the cytoplasm outside the nucleus in 

both cell types. The plasma membrane staining was used for assessment of the cell shape and indentation 

profiles. Scale bars 10 μm in the horizontal direction and 2 μm in the vertical direction. (I) Box plots of 

Young’s relaxation modulus scale factor 1E  and power-law exponent   for NIH 3T3 cells after application 

of different live-cell imaging stains. The differences between all distributions except the one marked are not 

significant at the p<0.01 level. 
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Fig. S2. F-actin cytoskeleton in fixed NIH 3T3 fibroblasts stained with Alexa Fluor 488 phalloidin. (A) Typical 

distribution of actin in fibroblasts with well-developed actin cap (cap), sparse cap, and with no cap. The 

height is color coded with respect to the scaling shown in the color scale bars. Scale bars 10 μm. (B) 

Percentage of cells in different groups measured from 3 independent experiments (748 cells analyzed). 
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Fig. S3. Schemes of different indentation/imaging protocols used in this study. (A) Full z-stack before the 

indentation and during the dwell period, Z-coordinate of the cantilever base is kept constant during the 

imaging (protocol 1). (B) Single optical section during the indentation (protocol 2), the cantilever base is 

moved with the constant speed. (C) Partial z-stack during the indentation (protocol 3), the cantilever base 

is moved with the slow constant speed.  Horizontal planes represent single optical sections. 
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Fig. S4. Anisotropic (non-axisymmetric) and isotropic indentation profiles in NIH 3T3 (A-C) and MDA-MB-

231 (D-F) cells, respectively. Partial Z-stack experiment (protocol 3, see Supplementary Information, 

Section B). SiR-actin (A, D) and CellMask (B, E) staining. (A, D) Color coded z-projections of the SiR-actin 

staining. (B, E) Reconstructed vertical cross-sections along the marked lines, three time points (top to 

bottom). (C, F) The calculated position of the membrane. Red line 1 is the first, blue line 2 is the second, 

and black line 3 is the third time point. Scale bars: 10 μm for the z-projections; 5 μm in the horizontal 

direction and 1 μm in the vertical direction for the cross-sections. In NIH 3T3 fibroblasts, the cap fibers go 

deeper as a whole structure during the indentation, while deforming slightly in the area of contact. In MDA-

MB-231 cells, a more isotropic deformation pattern was observed. 
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Fig. S5. Disruption of apical cap fibers after Latrunculin A treatment (100 nM, 30 min). (A) Color coded z-

projections of the SiR-actin staining showing absence of the apical cap. (B) Bottom z-slice of the stack 

showing well-preserved ventral stress fibers. (C) Box plots of cell height, Young’s relaxation modulus scale 

factor 1E , and power-law exponent   (Data for cells with SiR-actin staining). The differences between all 

distributions are significant at the p<0.01 level.  
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Fig. S6. Additional information for the FEM simulations. 3D geometry used in the simulations, general (A) 

and close-up (B) view. (C) The ellipsoidal cap representing the cell geometry (only one quarter was used 

for simulation with the symmetry conditions). (D) Comparison between the indentation profiles obtained 

with different size of the block. (E) The indentation profile obtained for the ellipsoidal cap geometry. (F) The 

force curves obtained from the FEM simulations for isotropic and anisotropic material. The fit with the Hertz 

model is shown with the dashed curves. (G) The surface plot of the relative stiffening T versus /
a t

G E  

(linear scale) and /
a t

E E  (log scale) ratios. 
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Fig. S7. Additional information for the FEM simulations. (A) The interpolated surface plot of the degree of 

anisotropy (D.A.) versus /
a t

G E  and 10
log ( / )

a t
E E ; the red plane marks D.A.=2.1. (B) The line obtained 

from intersection of the surface and the plane. (C) Relative stiffening (T) values versus D.A. values for the 

conducted FEM simulations, dashed line represents polynomial fit. (D, E) Different sets of /
a t

G E and 

/
a t

E E  ratios can provide very similar simulated force curves (D) and indentation profiles (E). 
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Fig. S8. Numerical predictions of the Chamis model for the different fiber parameters. /
a t

E E  (A, C, E) and 

/
a t

G G ratios (B, D, F), were calculated for the volume fraction of fibers 0.01 (a, b); 0.1 (c, d); 0.6 (e, f). See 

color scale bars for values.  
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Fig. S9. Reversible indentation of MDA-MB-231 cells. (A) The vertical cross-sections prior to (1), during (2) 

and after the probe engagement (3, from top to bottom). Plasma membrane was stained with CellMask. (B) 

The calculated position of the membrane. Scale bar 10 μm in horizontal direction and 2 μm in vertical 

direction. 

  



21 
 

 

Fig. S10. Indentation of MDA-MB-231 cells labeled with SiR-actin, partial Z-stack experiment,10 Z-planes 

(protocol 3, see protocol 1, Supplementary Information, Section B). (A) The single optical plane in the 

middle of the z-stack. (B) Reconstructed vertical cross-section. The bead fluorescence signal is not 

recorded to decrease acquisition time. The time required to record partial Z-stack is ~3s. Scale bars: 10 μm 

in the horizontal direction and 1 μm in the vertical direction. 
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Fig. S11. Examples of the force curves obtained in the experiments. (A) Examples of the force curves which 

were used for viscoelastic characterization of the cells with the power law rheology model (PLR) obtained 

on NIH 3T3 cells with a well-developed actin cap, sparse cap, without actin cap, and on MDA-MB-231 cell 

The fit with PLR model is shown. (B) An example of the force curve obtained by the protocol 1 (the Z-

position of the cantilever is kept constant during the image acquisition), the spikes of the deflection signal 

during the dwell phase are caused by the optical sectioning during the SDC image acquisition. (C) An 

example of the force curve obtained by the protocol 2 (the acquisition of a single optical section at selected 

height during the continuous indentation cycle), no signal coupling between the excitation laser and the 

cantilever deflection was detected. (D) An example of the force curve obtained by the protocol 3 (partial z-

stack during the indentation).  
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Supplementary Tables 

Table S1. Viscoelastic properties of cell lines used in this study after application of 

living cell fluorescent stains. Mean ± s.d. (median ± m.a.d.). SiR probes: 10 µM 

verapamil + 200 nM SiR-actin or tubulin; 10 µM verapamil alone; Cell-LightTM Actin-

GFP BacMam 2.0 overnight transfection; CellMask 1/1000 10 min staining. N is the 

number of measured cells. 

Cell line 1
E (kPa) α   

NIH 3T3 control (N=90) 1.3 ± 0.9 (1.1 ± 0.4) 0.11 ± 0.03 (0.11 ± 0.01) 

+ SiR-actin (N=90) 2.0 ± 1.2 (1.5 ± 0.6) 0.10 ± 0.02 (0.09 ± 0.02) 

+ SiR-tubulin (N=26) 1.1 ± 0.7 (1.0 ± 0.4) 0.11 ± 0.03 (0.10 ± 0.02) 

Verapamil (N=22) 1.3 ± 0.3 (1.4 ± 0.2) 0.12 ± 0.02 (0.12 ± 0.02) 

Actin-GFP (N=30) 1.2 ± 0.4 (1.2 ± 0.3) 0.11 ± 0.02 (0.11 ± 0.02) 

CellMask (N=27) 1.4 ± 0.7 (1.1 ± 0.4) 0.12 ± 0.02 (0.12 ± 0.02) 

MDA-MB-231 control (N=67) 0.6 ± 0.5 (0.6 ± 0.3) 0.13 ± 0.04 (0.12 ± 0.02) 

+ SiR-actin (N=30) 0.9 ± 0.5 (0.9 ± 0.3) 0.12 ± 0.03 (0.11 ± 0.02) 

+ SiR-tubulin (N=30) 0.6 ± 0.3 (0.5 ± 0.2) 0.12 ± 0.04 (0.11 ± 0.03) 

Verapamil (N=33) 0.6 ± 0.3 (0.6 ± 0.2) 0.14 ± 0.05 (0.14 ± 0.03) 

Actin-GFP (N=33) 0.5 ± 0.3 (0.4 ± 0.2) 0.15 ± 0.04 (0.15 ± 0.03) 

CellMask (N=33) 0.7 ± 0.5 (0.6 ± 0.3) 0.14 ± 0.05 (0.13 ± 0.03) 
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Table S2. Viscoelastic properties and cell height of NIH 3T3 cells with different level 

of perinuclear actin cap development (checked with SiR-actin staining). Mean ± s.d. 

(median ± m.a.d.). N is the number of measured cells. 

Cap level 
1

E (kPa) α   Height, µm 

cap (N=47) 1.9 ± 0.8 (1.7 ± 0.4) 0.11 ± 0.02 (0.11 ± 0.01) 3.7 ± 0.7 (3.7 ± 0.4) 

sparse cap (N=31) 1.2 ± 0.6 (1.1 ± 0.2) 0.12 ± 0.03 (0.12 ± 0.02) 4.6 ± 0.8 (4.5 ± 0.6) 

no cap (N=20) 0.7 ± 0.4 (0.7 ± 0.3) 0.15 ± 0.04 (0.16 ± 0.03) 5.4 ± 0.9 (5.5 ± 0.6) 
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Table S3. Viscoelastic properties and cell height of NIH 3T3 cells with different level 

of perinuclear actin cap development (checked with Cell-LightTM Actin-GFP 

BacMam 2.0). Mean ± s.d. (median ± m.a.d.). N is the number of measured cells. 

Cap level 
1

E (kPa) α   Height, µm 

cap (N=13) 1.2 ± 0.3 (1.1 ± 0.1) 0.11 ± 0.02 (0.11 ± 0.01) 3.7 ± 0.5 (3.7 ± 0.5) 

sparse cap (N=9) 0.7 ± 0.2 (0.6 ± 0.1) 0.13 ± 0.04 (0.14 ± 0.02) 4.0 ± 0.4 (4.1 ± 0.3) 

no cap (N=3) 0.4 ± 0.1 (0.4 ± 0.1) 0.19 ± 0.04 (0.20 ± 0.03) 4.6 ± 0.5 (4.6 ± 0.6) 
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Table S4. D.A. (degree of anisotropy, upper value in the cell) and T (relative 

stiffening, lower value in the cell) for the performed finite element simulations  

  
/

a t
E E  

  
1 10 100 1000 10^6 

/
a t

G E  

0.33 
1 

1 

1.17 

1.09 

1.25 

1.15 

1.28 

1.16 

did not 

converge 

1 
1.15 

1.31 

1.49 

1.44 

1.64 

1.58 

1.71 

1.63 
- 

2 
1.35 

1.54 

1.79 

1.742 

2.06 

1.93 

2.24 

2.03 
- 

4 
1.60 

1.76 

2.25 

2.03 

2.62 

2.48 

did not 

converge 
- 

6 
1.77 

1.86 

2.57 

2.21 

3.37 

2.62 

did not 

converge 

did not 

converge 

  



27 
 

Supplementary movies 

Supplementary Movie S1. Deformation of single apical stress fibers in NIH 3T3 fibroblasts 

causes anisotropic (non-axisymmetric) indentation profile. Single-plane recording 

experiment (protocol 2, see Methods). F-Actin (left, SiR-actin) and plasma membrane 

(right, CellMask) staining. The perinuclear actin cap fibers located underneath the bead 

deformed most, going deeper out of the focal plane. Anisotropic deformation pattern was 

also observed with membrane staining as a decrease in the dye intensity along the fiber 

direction and an extension in the perpendicular direction. During this movie, the maximum 

indentation depth of 800 nm was reached with the force of 5 nN. Scale bar 10 μm. 

Supplementary Movie S2. Isotropic indentation profile in MDA-MB-231 cells. Single-plane 

recording experiment (protocol 2, see Methods). SiR-actin staining. During this movie, 

the maximum indentation depth of 2000 nm was reached with the force of 3.5 nN. Scale 

bar 10 μm. 

Supplementary Movie S3. Isotropic indentation profile in MDA-MB-231 cells. Single-plane 

recording experiment (protocol 2, see Methods). CellMask Orange membrane staining. 

During this movie, the maximum indentation depth of 2000 nm was reached with the force 

of 3.5 nN. Scale bar 10 μm. 
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